ABSTRACT Many mosquito control agencies use carbon dioxide-baited traps as surveillance tools for adult vector populations. However, decisions regarding the number and location of trap sites and the frequency of collections are often based on logistical issues, and not on the bionomics or spatial distribution of the target species. Therefore, with the aim of providing practical information for adult mosquito surveillance programs, we used an array of 81 carbon dioxide-and octenol-baited lights traps to obtain weekly samples of adult mosquitoes in Redland Shire in southeastern Queensland, Australia. The spatial patterns of four different mosquito species were examined, and positive spatial autocorrelation in trap counts was evident for Ochlerotatus vigilax (Skuse), Coquillettidia linealis (Skuse), and Culex annulirostris Skuse, but not for the container species Ochlerotatus notoscriptus (Skuse). Of the three species that exhibited spatially correlated trap counts, the autocorrelation was greatest in Oc. vigilax at a lag distance of 0 Ð1.5 km, with MoranÕs I values of 0.30 Ð 0.64. MoranÕs I indices were also positive and statistically signiÞcant (P Ͻ 0.05) at lag distances of 1.5Ð3.0 and 3.0 Ð 4.5 km on each of the 15 sampling occasions. However, at 3.0 Ð 4.5 km the MoranÕs I values were low, which indicated only weak spatial autocorrelation in trap counts. Universal kriging was used to estimate the numbers of each species at unsampled locations throughout the study area, and leave-one-out cross validation analyses indicated that this was a robust method for Cq. linealis and Oc. vigilax. In contrast, trap counts for the container-breeding species Oc. notoscriptus were randomly distributed and the interpolated counts were not reliable. Comparisons of weekly contour maps of adult mosquito counts indicated a consistent spatial pattern for Oc. vigilax and Cq. linealis. Particular geographic areas had consistently high or low numbers of vectors, and these patterns were stable from year to year. DeÞnition of geographic areas with consistently high or low numbers of vectors may allow control activities to be focused in areas with the greatest risk of arbovirus transmission.
Advances in the analysis of spatial data by using GIS, and the increased availability of geostatistical software packages to quantify and model spatial and temporal correlations, have allowed for quantitative analyses of insect spatial patterns on both small and large scales. In a small-scale agricultural study (Ellsbury et al. 1998) , geostatistical methods were used to characterize spatial variability in corn rootworm adult emergence patterns in small Þelds (69 ha). Emergence counts were aggregated, and the range of spatial dependence varied from 172 to 550 m, depending on insect species and year. Because there was correlation in insect counts from nearby traps, a geostatistical estimation tool (kriging) was used to create georeferenced maps of insect emergence density and these were used to prioritize areas for control. On a larger scale, Kitron and Kazmierczak (1997) mapped the distribution of Ixodes scapularis ticks and Lyme disease cases by county in Wisconsin and categorized each of 46 counties according to tick presence and density. The spatial distribution of ticks was signiÞ-cantly correlated with the spatial distribution of human cases, and the maximum spatial autocorrelation occurred at a range of 120 Ð160 km. In California, Lothrop and Reisen (1999) incorporated eight data layers into a GIS of which mosquito abundance was included. From this, they were able to compare the spatial concurrence of adult mosquitoes with known breeding habitats to investigate the thoroughness of larval surveillance activities.
In Australia, remote sensing has been used to deÞne saltmarsh and freshwater mosquito breeding sites Morris 1996, Dale et al. 1998) , and used GIS to link Ross River (RR) virus disease notiÞcations in Brisbane to vegetation type. Jeffery et al. (2002a) used an array of 20 carbon dioxide-and octenol-baited Centers for Disease Control (CDC)-style light traps to sample adult mosquitoes on a small island (1493 ha) located in the southern Moreton Bay area in southeastern Queensland. The spatial distributions of the four most abundant species were mapped and analyzed using local spatial statistics, all were found to be present in highest numbers toward the southern end of the island. The authors concluded that the higher mosquito numbers in this area indicated the presence of more suitable adult harborage sites and/or suboptimal larval control efÞcacy.
Most local governments in coastal areas of southeastern Queensland undertake broad-scale control programs with the aim of reducing numbers of the saltmarsh mosquito Ochlerotatus vigilax (Skuse) (Bell 1989) . This species is an efÞcient vector of RR and Barmah Forest viruses, which are responsible for an average of 4,800 and 700 cases, respectively, of human polyarthritis disease in Australia, each year (Russell and Dwyer 2000) . Although Oc. vigilax has been incriminated as a major vector of both viruses throughout coastal areas, a range of other species also have been identiÞed as potentially important vectors of RR virus: the brackish water species Verrallina funerea (Theobald) and the fresh water species Culex annulirostris Skuse, Ochlerotatus notoscriptus (Skuse), and Ochlerotatus procax (Skuse) (Ryan et al. 2000) . Given the spatial and temporal heterogeneity in the epidemiology of RR virus disease in Queensland (Gatton et al. 2004) , identiÞcation of locally important vectors is a prerequisite to disease control.
Many mosquito control agencies use carbon dioxide-baited traps as surveillance tools for adult vector populations. However, decisions regarding the number and location of trap sites and the frequency of collections are often based on logistical issues and not on the bionomics or spatial distribution of the target species. Data from individual trap sites are often stored in a GIS, but analyses do not extend past basic mapping for visualization purposes. Therefore, with the aim of providing practical information for adult mosquito surveillance programs, we conducted an intensive light trapping study in which we examined the spatial pattern of four different mosquito species, including saltmarsh species known to disperse up to 80 km (Marks 1969) and container species thought to disperse Ͻ250 m (Watson et al. 2000) . We used an array of 81 carbon dioxide-and octenol-baited lights traps to obtain weekly samples of the adult mosquito populations in Redland Shire in southeastern Queensland, Australia. Spatial autocorrelation analyses were used to determine whether trap counts in nearby traps were correlated, and a spatial interpolation method (kriging) was used to produce weekly contour maps of mosquito densities. These contour maps were then compared to determine whether the areas with the highest numbers of mosquitoes were consistent over time.
Materials and Methods
Study Area. Redland Shire (153Њ 25Ј E, 27Њ 34Ј S) is a local government administrative area located in southeastern Queensland, Australia. The area is bounded by Brisbane to the west, Logan and Gold Coast cities to the south, and Moreton Bay and the PaciÞc Ocean to the north and east, respectively (Fig.  1) . The Shire has a total area of 539 km 2 , and the majority (60%) of this is comprised by the southern Moreton Bay islands. Ninety-Þve percent of the 114,486 residents live within the mainland area, with the remaining population distributed between the southern Moreton Bay islands of North Stradbroke, Coochiemudlo, Macleay, Lamb, Karragarra, and Russell (Australian Bureau of Statistics 2003) .
Redland Shire has a warm and humid subtropical climate, characterized by mean daily maximum summer (DecemberÐFebruary) and winter (JuneÐAu-gust) temperatures of 28 Ð29ЊC and 20 Ð21ЊC, respectively (Commonwealth Bureau of Meteorology 2004). The area has a mean annual rainfall of 1284 mm, with 74% of this rainfall occurring between November and May.
The terrestrial ßora of the mainland area include open forests of gray gum, Eucalyptus major (Maiden); spotted gum, Corymbia citriodora (Hook.); and black butt, Eucalyptus pilularis Smith in coastal and inland areas in the south; open forests of scribbly gum, Eu-calyptus racemosa Cavanilles, in inland areas in the center and north; and a mixture of Queensland blue gum, Eucalyptus tereticornis Smith, forest, Melaleuca wetlands, littoral rainforest, and mangrove communities in coastal areas. The southern Moreton Bay islands are comprised of rainforest/vine forests in elevated areas, and swamp she-oak forests and extensive heathland and mangrove communities in the coastal localities (Redland Shire Council 2002) .
Adult Mosquito Sampling. Adult mosquitoes on the mainland and Macleay Island were sampled using 81 CDC-style light traps (PaciÞc Biologics Pty Ltd., Kippa Ring, Australia) baited with carbon dioxide and 1-octen-3-ol (Kemme et al. 1993) . On the mainland, 77 trap sites were distributed approximately in a grid pattern (Fig. 1) , with adjacent traps separated by a distance of Ϸ1.5Ð3.0 km, with the highest trap densities in more populous areas. Because of logistical problems and extensive travel times to the Moreton Bay islands, concurrent trapping on all of the islands was not possible. Four trap sites were located on Macleay Island. This island was selected for speciÞc investigation because the ßora and mosquito species present were known to be similar to those found on most of the remaining southern Moreton Bay islands (Redland Shire Council 2002; D.A., unpublished data) . Additionally, the Island accounted for 22% of the total southern Moreton Bay Island human resident population, and travel times via vehicle barge were not as prohibitive as those compared with Stradbroke and Russell islands. The property address of each trap site was entered into a GIS (ArcView GIS 3.2a, ESRI 1996a) maintained by Redland Shire Council. The centroid coordinates of each property were used to georeference each light trap site.
Adult mosquito traps were set on the mainland and Macleay Island at weekly intervals for 12 wk between February and May 2000, and for 4 wk between February and March 2001. To facilitate weekly collections at all 81 trap sites, the sites were divided into two groups of 41 and 40. Adjacent traps were allocated into different groups, and each group of traps was then set on alternate consecutive nights. Traps were set 2Ð 4 h before sunset and retrieved the next morning between 0800 and 1000 hours. The mosquitoes were killed on dry ice, transferred to 30-ml containers, transported to the Queensland Institute of Medical Research on dry ice, and stored at Ϫ20ЊC. Adult mosquitoes were sorted by species according to Russell (1996) and were counted. In traps where Ͼ500 mosquitoes were collected, a subsample of 500 mosquitoes was sorted to species and counted. The total number of mosquitoes of each species was then determined by direct proportion based on the dry weights (65ЊC for 24 h) of the sorted and unsorted subsamples.
Statistical Analysis of Adult Mosquito Numbers. MoranÕs I analyses were used to assess the degree of spatial autocorrelation, or interdependence, in the numbers of each mosquito species collected in traps separated by different distances (Cliff and Ord 1981) . MoranÕs I analyses have been widely used in the study of insect patterns (Liebhold and Elkinton 1989 , Midgarden et al. 1993 , Nestel and Klein 1995 , Kitron et al. 1996 , Efron et al. 2001 , Papadopoulos et al. 2003 ), and in this study we used MoranÕs I to determine whether adult mosquito numbers were randomly distributed, or whether there was signiÞcant clustering of traps with high or low numbers of mosquitoes. Separate analyses were conducted for each species and each sampling period. Analyses were based on four lag classes (i.e., trap separation distances with mutually exclusive intervals): 0 ÐϽ1.5 km, 1.5ÐϽ 3.0 km, 3.0 ÐϽ 4.5 km, and 4.5ÐϽ 6.0 km. The boundaries for these intervals were chosen so that each lag class had at least 30 pairs of trap points, and the maximum lag class distance (4.5 Ͻ 6.0 km) was less than one-half the minimum dimension of the study area (mean eastwest study area dimension of 11.6 km). Trap counts were log (y ϩ 1) transformed to homogenize the variance. Correlograms were tested for spatial autocorrelation signiÞcance using a Monte Carlo simulation method and a Bonferroni correction (Howell 1997) to adjust for repeated testing. Spatial autocorrelation analyses were conducted using Rookcase software (Sawada 1999) .
Universal kriging was used to estimate the numbers of each species at unsampled locations throughout the mainland and Macleay Island areas of Redland Shire, based on the numbers of mosquitoes collected at nearby trap sites. Kriging is a method of spatial prediction that incorporates a model of the covariance of the random function and uses a weighted moving average interpolation to produce the optimal spatial linear prediction (Cressie 1991) . The weights reßect the distances between the location at which a value is being predicted, and the locations at which mosquitoes were sampled. Universal kriging, an adaptation of ordinary kriging that accommodates trend or nonstationarity in the mean (i.e., large variation in local means from different geographic areas) was used. Universal kriging was applied to species counts obtained from weekly light trap collections, and these were interpolated at 100 by 100-m grid intervals. The interpolated area was limited to the mainland and Macleay Island. A linear drift function was used to model the underlying trend. Local averaging was based on a Þxed search radius of 4 km around each interpolated point, unless there were Ͻ10 trap sites within 4 km. In this case, the radius was expanded to include a minimum of 10 trap sites. Analyses were conducted using ArcView GIS 3.2a (ESRI 1996a) and ArcView Spatial Analyst extension (ESRI 1996b) .
Validation of Kriged Mosquito Numbers. A leaveone-out cross-validation method was used to determine whether the universal kriging method provided reliable estimates of adult mosquito numbers at unsampled locations. This involved the stepwise removal of individual traps from the weekly data sets and the estimation of the mosquito count at each site by using data from the remaining traps. This process was repeated for each trap site and the observed versus the predicted numbers of mosquitoes per trap were plotted for each species, each week. Linear regression analysis was then used to evaluate the relationship between observed and predicted numbers. A strong linear association between observed and predicted mosquito counts, with slope close to 1, indicated that the conÞguration and density of the sampling sites was adequate to capture the intertrap variability in mosquito numbers. A weak linear association between actual and predicted mosquito counts, or a slope signiÞcantly different to 1, indicated that mosquito counts from traps located near each other were not closely related, or the conÞguration and density of sampling sites were not sufÞcient to adequately map the distribution of the particular mosquito species (mosquito densities may have been correlated but at a scale less than the average intertrap distance of between 1.5 and 3.0 km).
Probability Maps to Determine Areas with Consistently High Mosquito Numbers. To determine whether the areas with the highest numbers of mosquitoes were consistent over time and to allow for differences in mosquito abundance from week to week, kriged mosquito counts were converted to percentile rank by using Arcview Spatial Analyst (ESRI 1996b) . Ranking was performed separately for each species each week. Probability maps were then calculated based on the number of sampling occasions in which the estimated ranked value of each cell (100 by 100 m) exceeded the 75th percentile. Separate probability maps were calculated for each species and for each sampling period (i.e., 2000 and 2001) to determine whether the areas with the highest numbers of mosquitoes were the same each year.
Results
An estimated 502,571 mosquitoes were collected over 1,194 trap nights (Table 1 ). In terms of mean numbers of mosquitoes per trap night, overall mosquito abundance was 6.7 times higher during 2001 (1120 per trap night) than 2000 (165 per trap night). No data were available for week 4 during 2000 because samples were lost due to the mechanical failure of a refrigerated storage unit. Therefore, all subsequent results are based on 15 wk of sampling.
In terms of species composition, Oc. vigilax was collected in the greatest numbers and represented 46.1% of the 502,571 mosquitoes collected, followed by Table Table 1 (Table 2) but not to the same extent as Oc. vigilax trap numbers. Cx. annulirostris MoranÕs I indices were positive and signiÞcant at lag distances of 0 Ð1.5 and 1.5Ð3.0 km on each of 12 occasions. However, at 3.0 Ð 4.5 km, MoranÕs I indices were either nonsigniÞcant or negative, except for a single sampling period (week 1, 2001 ). Similar results were found for Cq. linealis at lag distances of 0 Ð3.0 km, although stronger spatial autocorrelation was observed at lag distances between 3.0 and 4.5 km, compared with Cx. annulirostris. There was no signiÞcant positive autocorrelation in Oc. notoscriptus numbers (Table 2 ). In fact, at the shortest lag distance (0 Ð1.5 km), MoranÕs I indices were occasionally negative (weeks 3, 7, and 8, 2000) , indicating that the numbers collected in light traps located closer together were more dissimilar than one would expect if the trap counts were randomly distributed.
The universal kriging results for Cq. linealis, Cx. annulirostris, Oc. notoscriptus, and Oc. vigilax for week 1 in 2000 are shown in Fig. 2 . To visualize the spatial distribution of each species, and to allow for the large variation in trap counts between species, the legend scale for each map was divided into quartiles. These quartile ranges were based on the values for each of 22,149 cells (100 by 100 m), which comprised the kriged surface maps. The kriging process was repeated for each species for each week (maps not shown), and summary statistics (10th, 25th, median, 75th, and 90th percentiles) were calculated based on cell values (Fig.  3) . Of the four species examined, Cx. annulirostris and Oc. vigilax numbers were most variable over the 2-yr sampling period, with maximum weekly median numbers in 2000 of 34 and 14, respectively, and in 2001 of 385 and 257, respectively. For each of the four species examined, the distributions of kriged cell values were highly skewed, with relatively few cells having extremely high values. For example, for Oc. vigilax during 2001, the 90th percentiles for the 4 wk ranged from 1,426 to 2,346, with maximum values of 6,950 Ð14,402. In contrast, median weekly estimated numbers during the same period ranged from 10 to 257. Box plots of kriged Cq. linealis and Oc. notoscriptus numbers did not highlight any signiÞcant variation in median numbers between the 2 yr, although peaks in Cq. linealis and Oc. notoscriptus numbers were observed during weeks 7 and 5 in 2000, respectively.
The accuracy of the universal kriging method to predict mosquito counts at unsampled locations (i.e., by using the leave-one-out cross-validation method) was shown to vary between species (Table 2) . Regression analyses of the relationships between predicted versus observed counts were signiÞcant (P Ͻ 0.05) for Cq. linealis and Oc. vigilax during all 15 sampling periods (Table 2 ). Based on the values for R 2 , the coefÞcient of determination, 10 Ð55% and 32Ð73% of the total variability in the predicted trap counts for Cq. linealis and Oc. vigilax, respectively, could be attributed to the observed counts at each trap site. Regression analyses of predicted versus observed counts for Cx. annulirostris indicated signiÞcant relationships during 12 of the 15 sampling periods; however, only 0 Ð29% of the total variability in the predicted counts could be attributed to the observed counts. In contrast, there were no signiÞcant positive relationships between predicted and observed counts for Oc. notoscriptus during any sampling period, except for week 2 during 2001. In fact, during two of the sampling periods (weeks 8 and 10, 2000), the regression line slopes were negative and indicated that there was an inverse relationship between predicted and observed counts.
To determine whether areas with the highest mosquito numbers (weekly trap counts Ͼ75th percentile) were consistent from week to week, we created separate probability maps for each of the three species that exhibited spatially autocorrelated trap counts (Cq. linealis, Cx. annulirostris, and Oc. vigilax). To determine whether patterns were consistent from year to year, separate maps were developed for 2000 and 2001 (Fig. 4) .
In terms of the relative distribution of Cq. linealis during 2000, there was a consistent (Ն76% probability) weekly pattern of relatively high (Ͼ75th percentile) numbers in the northern, central, and southern areas on the mainland, and on Russell Island (Fig. 4) . These areas totaled 3,209 ha and represented 14.5% of the total study area. During 2000, 68% of the study area (15,029 ha) rarely (Յ25% chance) had high Cq. linealis numbers, and 53.8% of the study area (11,909 ha) never had estimated trap counts that ranked in the top (Fig. 4) . Based on the weekly patterns during 2000, 2,311 ha was classiÞed as having a high chance (Ն76% probability) of Cx. annulirostris numbers being ranked in Ͼ75th percentile. This dropped to 1,211 ha in 2001, and there was only 21% agreement between the two periods.
Weekly Oc. vigilax distribution patterns were more stable than those for Cq. linealis and Cx. annulirostris. During 2000 and 2001, there was a consistent (Ն76% probability) weekly pattern of relatively high (Ͼ75th percentile) numbers in the northern, central, and southern areas on the mainland, and Russell Island (Fig. 4) . Overall, during 2000 and 2001, these areas represented 18% (3,987 ha) and 14% (3,015 ha) of the total study area, respectively. During 2000, 68% of the study area (15,029 ha) rarely (Յ25% chance) had high Oc. vigilax numbers, and 44.6% of the study area never had estimated trap counts ranked in the top 25%. Similar results were found during 2001, which resulted in 65% agreement between areas deÞned as having consistently high numbers in 2000 (Ն76% probability), compared with those in 2001; this increased to 78% agreement between 2000 and 2001 when we compared areas with Ն51% chance of having high numbers (5,003 ha in 2000). Areas that never had high Oc. vigilax numbers were very stable from year to year.
Discussion
Although trapping methods for adult mosquitoes are well documented (Service 1993) , there is a dearth of information on how counts obtained from such traps can be used to elucidate the spatial distributions of medically important insects and to guide control programs and land management. We evaluated the utility of standard CDC-style carbon dioxide-and octenol-baited light traps, combined with basic GIS, spatial statistics, and computer-based mapping techniques, as practical tools for operational use. Our spatial and temporal analyses of mosquito count data from 1,194 light trap collections indicated that there was signiÞcant small-scale (Ͻ3.0 Ð 4.5 km) autocorrelation in the trap counts for three medically important vector species in southeastern Queensland: Oc. vigilax, Cq. linealis, and Cx. annulirostris. This information is important for surveillance programs because these usually involve limited numbers of traps. The existence of spatial autocorrelation suggests that the numbers of mosquitoes in unsampled areas can be estimated with greater accuracy than if we relied solely on the sample mean and variance. This is particularly important if a vector species has a skewed population distribution. For example, in the case of a single trap included as part of a routine surveillance system in which zero Oc. vigilax were collected, based on our data set, we would be 90% conÞdent that traps located within 3 km of our sample point would have Ͻ15 mosquitoes per trap. Conversely, if a single trap had relatively high numbers of between 501 and 1000 mosquitoes, we would be 90% conÞdent that traps located within 3 km of our sample point would have Ͼ54 mosquitoes per trap. Although we only observed 10 traps that had Ͼ5,000 Oc. vigilax 
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JOURNAL OF MEDICAL ENTOMOLOGY Vol. 41, no. 6 per trap, none of the surrounding traps had Ͻ1,155 mosquitoes per trap. This type of information can be used to determine the optimal number and location of sample points to achieve a desired level of conÞdence and also to prescribe zones or areas of high vector numbers based on trap data from only a selected number of monitoring sites. Based on our MoranÕs I analyses, we recommend a maximum intertrap distance for Oc. vigilax, Cq. linealis, and Cx. annulirostris of 3.0 km, because beyond this distance the autocorrelation in trap counts will probably be low and the interpolated trap counts would be unreliable. However, at a 3-km separation distance the accuracy of the contour maps is probably limited to deÞnition of coarse patterns. These coarse maps can be used to identify speciÞc areas where more intensive trapping at intervals of 1.0 Ð1.5 km could be undertaken. In the current study, if we wanted to sample the entire area at 1.0-km intervals, this would have required Ϸ220 light trap sites, and this is not feasible for most local government mosquito control programs. However, an integrated approach as described above should ensure that contour maps are statistically robust and are based on efÞcient use of resources.
Our analyses for Oc. vigilax, at least, indicated consistent weekly spatial patterns during 2000 and 2001. Although we did not speciÞcally set out to answer questions regarding the duration of trapping that is required for mapping purposes, we recognize that the temporal stability of distribution maps should be assessed. The 2001 dataset comprised only 4 wk of data, and we consider this to be probably the minimum requirement to create a seasonal distribution map. If seasonal maps indicate a consistent spatial distribution, we recommend that the process be repeated during subsequent years to assess long-term stability.
The identiÞcation of geographic areas with consistently high or low numbers of vectors may allow control activities to be focused in areas with the greatest risk of transmission. Oc. vigilax, a recognized vector of RR and BF viruses in Australia (Russell and Dwyer 2000) , had a skewed population distribution throughout the Redland Shire study area. During 2000, when the kriged weekly trap counts were low and the median counts were 1.3Ð12.8 mosquitoes per trap, only 5Ð25% of the study area had mosquito densities that exceeded 100 mosquitoes per trap. During 2001, when the kriged weekly trap counts were relatively high and the median counts were 10.0 Ð257.1 mosquitoes per trap, large geographic areas had mosquito densities that exceeded 100 mosquitoes per trap (30 Ð 85% of the study area), and 10% of the study area had weekly mosquitoes densities that exceeded 1,426 Ð2,345 per trap. This 19-fold increase in maximum weekly median numbers was due to the compounding effect of above- In Brisbane and Darwin, higher than expected numbers of RR virus disease cases have been reported from areas near wetlands and other major mosquito breeding sites (Whelan et al. 1997 , although there was yearly variation in the risk of infection. A similar relationship was observed with malaria transmission in a suburban area in Maputo, Mozambique; malaria prevalence was 6.2 times higher for individuals living Ͻ200 m from anopheline mosquito breeding sites than for individuals living Ͼ500 m away (Thompson et al. 1997 ). Based on the extreme variation in Oc. vigilax numbers throughout Redland Shire, and the temporal stability of areas with high numbers, we expect a similar relationship with RR virus risk is likely. Although most vector-borne disease transmission cycles are complex and the density of vector mosquitoes is not always correlated with pathogen transmission intensity (Beier et al. 1999) , we hypothesize that areas in Redland Shire with high Oc. vigilax numbers will be associated with a higher risk of RR virus infection and disease.
In terms of their abundance, distribution, and vector competence (Russell and Dwyer 2000) , Oc. vigilax and Cx. annulirostris are probably the most important vector species in Redland Shire, although Cq. linealis also warrants consideration in some areas, especially on Macleay and Russell Islands (Jeffery et al. 2002a, b) . The breeding habitats for Oc. vigilax (intertidal wetlands) have been mapped, and these areas are regularly treated with various formulations of Bacillus thuringiensis variety israelensis and (S)-methoprene (Ritchie et al. 1997 , Russell et al. 2003 with the aim of reducing the numbers of adult mosquitoes in populated areas. However, it is acknowledged that not all larval habitats are treated, particularly those that are not close to human habitation (Jeffery et al. 2002a ). Although Oc. vigilax are known to disperse widely, our study demonstrates that there is heterogeneity in adult numbers thus affecting quality of life of residents, and as suggested by Ryan et al. (2001) , this consideration should lead to a more informed decision making process regarding land use planning and its relationship with future vector-borne disease patterns .
In contrast to the consistent spatial pattern of Oc. vigilax adults, only a relatively small geographic area had consistently high numbers of Cx. annulirostris adults from year to year. This variation probably reßects its ability to colonize both permanent (Rae 1990 ) and temporary rain-Þlled pool habitats Morris 1996, Mottram and Kettle 1997) . Because the monthly rainfall totals in southeastern Queensland during 2000 were below average, Cx. annulirostris habitats were probably restricted to semipermanent or permanent pools. In contrast, during 2001 rainfall totals in the southeast were signiÞcantly higher, and this indicated a higher use of temporary pool habitats by gravid Cx. annulirostris (McDonald and Buchanan 1981) . This resulted in 10-fold increase in the maximum weekly median numbers in 2001 (385), com-pared with 2000 (34) . Little is known of the habitat of Cq. linealis, so at present, we are unable to comment on the biological implications of the spatial distribution of this species. Kitron (2000) commented on the plethora of vector-borne disease risk maps that have recently emerged in the scientiÞc literature and concluded that the high degree of heterogeneity in transmission patterns provide a challenge for risk-mapping efforts. Extrapolation and interpolation of data need to be conducted with caution, and the production of computer-generated maps that seem more informative than the data upon which they are based should be avoided. Therefore, we conducted preliminary analyses to determine whether our light trap array was of sufÞcient density to capture the spatial variation in vector numbers. Our results indicated that for some mosquito species such as Cq. linealis, Cx. annulirostris, and Oc. vigilax, the numbers of individuals collected in light traps were spatially correlated at distances Ͻ4.5 km, and the leave-one-out kriging analyses indicated that the estimated counts at unsampled locations were reasonably accurate for Cq. linealis and Oc. vigilax. In contrast, trap counts for the container-breeding species Oc. notoscriptus were randomly distributed. Although contour maps were produced for each of these species, this is clearly not a valid approach for Oc. notoscriptus, nor we suspect for Aedes aegypti (L.), which also has limited dispersal (Muir and Kay 1998) . Contour maps represent a conversion of point observations, typically spatially referenced data points, into a continuous surface, so that the variable of interest is estimated over unsampled locations (Nansen et al. 2003) . This is based on the assumption that the observed data can be modeled mathematically. Therefore, it is important to characterize the spatial structure of a data set before the creation of contour maps.
Positive MoranÕs I values indicate spatial autocorrelation in trap counts, and this approach could be used to determine whether the density of traps is sufÞcient to capture spatial variability. Zero or negative MoranÕs I values indicate that interpolation of trap counts and visualization of the data with contour maps should not be conducted. In the case of random data sets, Nansen et al. (2003) recommended visualization of the insect counts as scale-sized dots rather than as contour maps. However, in Thailand, kriging was used to create seasonal contour maps of Ae. aegypti immature densities in three villages (Strickman and Kittayapong 2002) . Although it was purported that mosquito larvae were concentrated in particular areas of the villages, this was largely based on visual interpretation of contour maps. Given the nonuniform distribution of the sampled locations and the interpolation of immature counts at distances up to 400 m away from these data points, it is questionable whether these contour maps have any relationship to dengue transmission risk. In comparison, Getis et al. (2003) used spatial statistics to analyze the number of Ae. aegypti adults and pupae, and the number of containers positive for pupae and larvae, in two neighborhoods in Iquitos, Peru. Although adults clustered strongly within houses and weakly to a distance of 30 m beyond the house, clustering of pupae or positive containers was not detected beyond 10 m. It was concluded that the appropriate scale for assessing mosquito vector density was the household level. Oc. notoscriptus has similar immature habitats and a limited ßight range, and we suspect that household level assessments also are required for this species.
We concur with Kitron (2000) in assessment of GIS-spatial statistics use and trust that our study will not only provide a practical methodology for management of mosquitoes by local governments but also guide researchers and administrators on the elements of sound experimental design.
